The Betaretrovirus genus is characterized by the ability to preassemble immature capsids within the cytoplasm. For Mason-Pfizer monkey virus (M-PMV) this ability depends in part upon the unique Internal Scaffold Domain (ISD) within the p12 region of Gag. In this study, we have further characterized the ability of M-PMV p12 to promote Gag-Gag interaction and have examined the Gag polyprotein of the related mouse mammary tumor virus (MMTV) to potentially identify a region with equivalent function. Using the yeast two-hybrid system, we confirmed that both Gag polyproteins strongly interact, primarily through the CA-NC regions, but also through additional domains N-terminal to CA. For M-PMV, this auxiliary interaction domain was p12. For MMTV, no single strongly self-interacting protein was identified. Instead, MMTV Gag appears to utilize the weak contributions of several protein domains to support the main interaction of its CA-NC. Our findings suggest that, in addition to the canonical NC bI-domainQ interaction, MMTV Gag self-association results from the concerted action of multiple regions of the polyprotein while M-PMV Gag relies mainly on its p12 domain. D
Introduction
Retrovirus particle assembly is driven by Gag, the major structural polyprotein, which is sufficient for forming viruslike particles (Swanstrom and Wills, 1997) . Late in the retrovirus life cycle Gag is synthesized in the cytosol and then follows one of two morphogenic pathways. For most retroviruses, such as Rous sarcoma virus (RSV) or human immunodeficiency virus (HIV), Gag polyproteins are transported to the plasma membrane where assembly and budding occur simultaneously. In contrast, some retroviruses, including members of the Betaretrovirus genus such as mouse mammary tumor virus (MMTV) and Mason-Pfizer monkey virus (M-PMV), first form intracytoplasmic particles that then relocate to the plasma membrane, become enveloped, and are released. For either pathway, during or shortly after particle budding, the Gag polyprotein is cleaved by the viral protease into multiple structural proteins. Cleavage of Gag results in a dramatic structural rearrangement, termed maturation, which is necessary for the formation of the infectious virion.
Within the Gag polyprotein precursor are certain domains that are common to all retroviruses. These include the matrix protein (MA) that is responsible for targeting and membrane binding, the capsid protein (CA) that serves as the major structural domain, and the nucleocapsid protein (NC) that is responsible for genomic RNA binding and Gag multimerization. In the case of M-PMV-the best studied of the betaretroviruses for assembly-additional domains that confer specific morphogenic characteristics to M-PMV result in a much larger Gag polyprotein, organized by matured proteins in the following order: NH 2 -MA, pp24/16, p12, CA, NC, p4-COOH (Bradac and Hunter, 1984) . The propensity of M-PMV Gag to assemble has been demonstrated in a succession of studies where the production of immature viral capsids was observed after expression in tissue culture (Sommerfelt et al., 1992) , in bacterial cells (Klikova et al., 1995; Rumlova-Klikova et al., 2000) or in a rabbit reticulocyte lysate (Sakalian et al., 1996) . As a part of these studies, deletion analysis of Gag identified a region within p12 necessary for efficient intracellular assembly of immature capsids (Sakalian and Hunter, 1999; Sommerfelt et al., 1992) . It was demonstrated that apart from the cytoplasmic targeting-retention signal required for preassembly transport (Rhee and Hunter, 1990 ) and the myristic acid required for assembled particle transport and budding (Rhee and Hunter, 1987) , this highly acidic leucine zipper-like stretch of amino acids (Knejzlik et al., 2004 ) is necessary for efficient particle assembly unless the Gag protein is overexpressed (Sakalian and Hunter, 1999; Sommerfelt et al., 1992) . The conditional requirement for p12 led to its designation as the Internal Scaffold Domain since its function mimics the scaffold proteins of bacteriophage (Sakalian and Hunter, 1999) . The p12 domain was also demonstrated to confer the ability to assemble in vitro upon HIV Gag when expressed as part of a chimeric polyprotein . The existence of an ISD in M-PMV lead us to investigate the possibility that another betaretrovirus, MMTV, contains a similar region in Gag. However, by sequence analysis, MMTV Gag does not possess a leucine zipper-like sequence.
While the role of M-PMV Gag in assembly has been examined intensively, MMTV Gag remains largely unstudied partly due to difficulties encountered with the construction of molecular clones. The inability to generate such clones has been attributed to a sequence located near the 5V end of gag in some MMTV strains that makes it resistant to propagation in bacterial cloning vectors (Groner et al., 1980, Majors and Varmus, 1981; Ucker et al., 1981) . The molecular basis for the apparent toxicity is unknown, but when this region is disrupted by deletion or incorporation of bacterial insertion sequences, the resulting DNA is stable (Brookes et al., 1986) . Nevertheless, some work with MMTV has proceeded by either using gag from the endogenous Mtv-1 provirus to construct a hybrid infectious provirus (Shackleford and Varmus, 1988) , or by using E phage (Morris et al., 1989) or a phagemid (Xu et al., 2000) as the cloning vector. Alternatively, the matured Gag proteins were analyzed directly after isolation from mature MMTV virions (Hizi et al., 1989; Menendez-Arias et al., 1992a) or synthetic peptides were used as surrogates for the Gag polyprotein to map the processing sites (Menendez-Arias et al., 1992b) . The resulting domain structure of MMTV Gag protein has been defined as the following: NH 2 -MA, pp21, p3, p8, n, CA, NC-COOH, with the domain labeled bnQ representing 17 amino acids present in the viral sequence, but not found as a cleavage product among proteins purified from mature virions (Hizi et al., 1989) .
Following the fortuitous subcloning of MMTV gag containing an in-frame deletion, we reconstructed a stable, full-length version of the gene and utilized this clone in a comparative study to map the self-interacting regions of both MMTV and M-PMV Gag in the yeast two-hybrid system. Previously, we have used this method to identify the Nterminal portion of NC as the minimal region of HIV Gag sufficient for self-interaction . For M-PMV, two distinct regions were identified. As expected, the CA-NC region was strongly self-associating, and also as expected, the p12 domain was capable of equally strong selfinteraction. In contrast, only one strongly self-interacting region was identified within MMTV Gag. As for M-PMV parts of Gag including CA-NC displayed strong selfassociation; however, no single domain located between MA and CA produced the strong self-interaction characteristic of M-PMV p12. At best, the entire portion of Gag Nterminal to CA is only weakly self-interacting. Our findings suggest that MMTV Gag does not contain a strongly interacting ISD, but instead utilizes the concerted action of multiple regions of the polyprotein.
Results
The M-PMV p12 domain strongly promotes Gag precursor self-interaction While the current model for retrovirus assembly emphasizes the essential role of the CA and NC domains in Gag self-association (recently reviewed in Adamson and Jones, 2004; Bukrinskaya, 2004) , M-PMV Gag has been shown to require additional protein domains for efficient intracellular assembly of immature particles (Sakalian and Hunter, 1999; Sommerfelt et al., 1992) . These and other studies in tissue culture and bacteria (Klikova et al., 1995; Rumlova-Klikova et al., 2000; Sommerfelt et al., 1992) have examined the requirements within Gag for particle assembly. In this study we focused on the Gag-Gag interactions that lead to assembly and potential of individual domains to contribute to that interaction. This analysis of M-PMV Gag was undertaken in part to provide a comparison to the understudied Gag protein of MMTV, which given its similar morphogenic pathway, could reasonably be expected to contain similar functional elements.
M-PMV Gag and Gag fragments were examined in the yeast two-hybrid assay. All were expressed as both activation and binding domain fusion proteins and tested for selfassociation (Fig. 1) . All two-hybrid constructs were initially tested against either activation or binding domain constructs only, in order to eliminate the possibility of detecting a false positive response. After establishing the expected selfinteracting capability of the full-length Gag polyprotein, we next analyzed C-terminally truncated constructs MApp24/16-p12 and MA-pp24/16. Only the fragment containing the p12 domain strongly self-associated, leading us to test p12 alone. The resulting activity was equal to that produced by the MA-pp24/16-p12 species. Next, portions of Gag containing CA and NC were tested. Both the fragment with containing p12, p12-CA-NC-p4, and CA-NC itself produced a very strong interaction, thus setting aside the formal possibility that M-PMV Gag self-interaction is primarily mediated by p12 and is fundamentally different than the I-domain driven interactions described for other retroviruses. Clearly, however, p12 possess a remarkable capacity for self-association independent of the I-domain in NC. M-PMV CA by itself did not detectably interact in this system.
Construction of a stable MMTV gag subclone
Genetic analysis of MMTV has been complicated for many years by the lack of an infectious proviral clone of the exogenous virus. In early attempts to clone the DNA provirus of MMTV, several groups reported an inability to recover the desired recombinants (Groner et al., 1980; Majors and Varmus, 1981; Ucker et al., 1981) . The failure to construct the proviral DNA clones was attributed to sequences within the viral gag gene that prevent or inhibit propagation in Escherichia coli (Brookes et al., 1986) .
Rather than attempt to clone MMTV gag from integrated proviral DNA, we took advantage of a stable MMTV gag construct pTZBG that we had created by subcloning gag from a E clone of MMTV strain GR (Buetti and Diggelmann, 1981) . This gag clone was found to contain an in frame deletion that we reasoned must have inactivated the poisonous region. To reinsert the missing sequences, PCR mutagenesis was performed with primers designed to insert the maximum number of silent mutations versus the published MMTV JYG sequence (Nishio et al., 1994) . In total, 16 codons were altered (Fig. 2) in comparison with the original MMTV GR sequence (Fasel et al., 1983) . The resulting MMTV gag gene proved stable when subcloned into the yeast two-hybrid plasmids.
Multiple regions of MMTV Gag contribute to its self-association MMTV gag gene products are synthesized as a polyprotein precursor Pr77 with a domain structure similar to M-PMV Pr78. Given the similarities in structure and morphogenesis, it was hypothesized that MMTV Gag would contain a protein domain with a function equivalent to the p12 domain in M-PMV Gag. The likely location for this would be within p3-p8-n since these peptides reside in the same location between the phosphoprotein and CA. The fact that this region is cleaved into at least three potential peptides after virus budding is unlikely to affect the function of the intact region in the context of Gag. The size of this region at 74 amino acids is also similar to the M-PMV p12 domain, which is 83 amino acids long. Although there is no significant sequence homology, there is a similarity in the acidic character of the N-terminal regions of both M-PMV p12 and MMTV p3.
As for M-PMV Gag, we began our analysis of MMTV Gag self-interaction with a panel of C-terminally truncated Gag fragments constructed within the pGADT7 activation domain vector (Fig. 3A) . All these constructs were tested against the full-length MMTV Gag polyprotein fused to the Gal4 binding domain. Full-length Gag strongly self-interacted, as expected. Interestingly, when the NC domain was deleted, the interaction was significantly reduced, but not completely lost as when NC was deleted from HIV Gag (Burniston et al., 1999; Franke et al., 1994; Zabransky et al., 2002) . Significantly, further C-terminal truncations still produced Gag fragments exhibiting a weak interaction, even when both CA and NC were deleted. Truncation to the p3 domain yielded a Gag fragment comprised of only MA and pp21, which resulted in a further reduction in interaction to the detection limit of the system. MA by itself did not detectably interact with MMTV Gag.
Although the above analysis of C-terminally truncated Gag failed to identify a p12-like protein interaction domain Fig. 1 . Schematic representation of M-PMV Gag portions and domains screened for homotypic interactions. All truncated species were expressed as both activation (AD) and binding (BD) domain fusion proteins and tested for mutual interaction (with the exception of CA expressed only as AD fusion protein and tested against CA-NC fused with BD). MA, matrix protein; pp24/16, phosphoprotein; p12, protein p12; CA, capsid protein; NC, nucleocapsid protein; p4, protein p4; ++++, represents a readout of the assay similar to the strongest detected response of two p12 proteins (or CA-NC) as measured by the rate of colony growth and the level of alphagalactosidase staining; +++, represents binding activity in the range 75-50% of the maximum activity; À, indicates no detectable activity. the results did point to a potential weakly interacting domain N-terminal to NC. To investigate this we made a panel of Nterminally truncated MMTV Gag fragments (Fig. 3B ). These were tested against themselves rather than to full-length Gag to avoid the potential problem of placing the domains too far out of register to interact in a homotypic fashion. As consistent with our previous experience in such cases, there is no selective growth of the tested colonies and even strong interactions might remain undetected. We hypothesize that when two tested proteins are fused to the Gal4 domains by their N-termini and they differ dramatically in size, while the interaction region of the longer protein is located near its C-terminus, interaction between them might fail to bring the two Gal4 domains into close proximity to properly reconstitute the transcriptional activator. All tested fragments containing both CA and NC, including CA-NC itself, exhibited strong interaction similar to that of full-length MMTV Gag. As before, removal of NC from CA resulted in a significant reduction in selfassociation, this time, in the absence of the remainder of N-terminal Gag, down to barely detectable. This result contrasts with the M-PMV CA domain, which failed to provide any signal. The results suggest that NC provides the major force for MMTV Gag multimerization.
Taken together, the results so far indicated that the Nterminal regions of Gag may provide only minor contributions to Gag-Gag interaction, although these may be crucial for the process of intracellular betaretrovirus assembly. To further investigate the ability of the p3-p8-n polypeptide to promote Gag interaction, we tested this fragment fused to the activation domain for association with a p3-p8-n-CA-NC fragment fused to the binding domain (Fig. 3B ). This polypeptide was capable of very weak interaction, similar to that produced by MA-pp21 (Fig. 3A) , which was not observed when its component parts p3 and p8-n were tested. The results of all the experiments indicate that MMTV MApp21, p3-p8-n, and even CA all possess a very weak interaction potential, which when added together produces a significant ability to promote Gag self-association. Although weaker than that produced by M-PMV p12, this aggregate interaction may serve the same function for MMTV Gag.
M-PMV and MMTV Gag polyproteins do not interact
A previous exploration of potential interactions between heterologous retroviral Gag polyproteins in the two-hybrid system yielded interactions between only closely related retroviruses such as HIV and SIVor FIV (Franke et al., 1994; Li et al., 1997) . M-PMV Gag failed to form heterodimers with any other Gag polyprotein tested (M-MuLV, HIV, SIV, FIV, RSV). Since no other betaretrovirus Gag protein was tested, we investigated the possibility that the more closely related M-PMV and MMTV Gags might interact. In addition, the Matchmaker 3 system used in this study is significantly more sensitive than the less sophisticated systems used in the aforementioned studies. For comparison, we also included HIV Gag in our heterologous Gag interaction screen. M-PMV, MMTV and HIV Gag polyproteins were tested against each other in all possible combinations. Each Gag was expressed in the context of both activation and binding domain fusion proteins. No heterotypic interactions were detected.
Discussion
By using the yeast two-hybrid system in which the selfinteraction of retroviral Gag polyprotein domains can be Fig. 3 . (A) Schematic representation of MMTV Gag polyprotein and its Cterminally truncated fragments screened for homotypic interaction. Each Gag fragment was expressed as an activation domain fusion protein and tested for interaction with full-length MMTV Gag fused with Gal4 binding domain. MA, matrix protein; pp21, phosphoprotein; p3, protein 3; p8, protein p8; n, peptide n; CA, capsid protein; NC, nucleocapsid protein; ++++, represents a readout of the assay similar to that of two full-length Gag polyproteins as measured by the rate of colony growth and the level of alpha-galactosidase staining; ++, represents binding activity in the range of 25-50% of the full activity; +, indicates activity less than 25%; +/À, indicates barely detectable activity but repeatedly observed and distinguishable from non-interacting constructs; À, indicates no detectable activity. (B) Schematic representation of MMTV Gag polyprotein and its N-terminally truncated fragments screened for homotypic interaction. All species were expressed as both activation (AD) and binding (BD) domain fusion proteins and tested against themselves. (With the exception of CA expressed only as AD fusion protein and tested against CA-NC fused with BD and fragments p3-p8-n, p3 and p8-n, which were produced only as AD fusion proteins and tested for the interaction with p3-p8-n-CA-NC construct fused with BD) Abbreviations and symbols are as in A. observed in vivo, we have been able to define regions critical for the multimerization of M-PMV and MMTV Gag precursors. Although the two-hybrid assay does not provide a precise quantitative measure of protein interaction, it has been well established as a reliable method for identification of potential interacting regions within long viral polyproteins (Franke et al., 1994; Li et al., 1997; Zabransky et al., 2002) . Following discovery of the relevant protein domains by two-hybrid analysis other common in vitro techniques (i.e., Isothermal Microtitration Calorimetry, Circular Dichroism or Surface Plasmon Resonance) can be employed to provide bindings constants. However, analysis of the fulllength Gag precursor would be complicated by its tendency to multimerize and by its limited solubility of expressed and purified polyprotein. On the other hand, these techniques could be used for further characterization of isolated domains identified by the two-hybrid approach.
While the crucial role for NC and the subsidiary roles for the other canonical retroviral domains MA and CA in Gag self-association have been well characterized for HIV (for review, see Adamson and Jones, 2004; Bukrinskaya, 2004) , we focused on the additional domains found in betaretrovirus Gag polyproteins and their possible role in Gag assembly. In particular, we concentrated on the p12 domain of M-PMV, which had already been characterized to contain a scaffoldlike function for Gag, and on the potential to identify a similar domain in MMTV Gag. Given the previous studies of p12, we had hypothesized that a second strong interaction domain might be a distinguishing characteristic of retroviruses that assemble in the cytoplasm and of betaretroviruses in particular. Our screens confirmed the ability of M-PMV p12 to promote interaction and found that the strength of this capability is similar to that of CA-NC. However, we failed to identify a similar activity in MMTV Gag, which appears to rely primarily on CA-NC self-interaction although it does possess several domains that appear to act in concert to provide a weak secondary interaction.
The region within NC that promotes Gag multimerization has been termed the binteraction or IQ domain (Wills and Craven, 1991) . In particular, the N-terminal basic residues of the NC domain were shown to be essential for promoting interaction between Gag polyproteins (Bowzard et al., 1998; Cimarelli et al., 2000; Dawson and Yu, 1998; Lee and Linial, 2004; Sandefur et al., 2000) . The homotypic interaction of NC domains can be mediated by non-specific cellular RNA (Burniston et al., 1999; Cimarelli et al., 2000) and heterologous RNA binding proteins or can be substituted by known dimerization domains such as coiled-coils (Accola et al., 2000; Johnson et al., 2002; Zhang and Barklis, 1997) . Whether dimers formed by Gag are fundamental to assembly or they just mimic a transient intermediate in the process still remains to be clarified (reviewed in: Zlotnick, 2003) . The data presented in our report extend these findings by showing that NC provides the same function for betaretroviral Gag dimerization independently of the presence or absence of a second strong protein interaction domain.
For the most intensively studied betaretrovirus, M-PMV, the crucial role of its unique p12 domain in assembly has been highlighted in several studies (Sakalian and Hunter, 1999; Sakalian et al., 2002; Sommerfelt et al., 1992) . The conditional requirement for p12-necessary for particle formation when Gag expression is low, dispensable when Gag is overexpressed-lead to the idea that p12 functions as an internal scaffold, replacing the cellular membranes that may play this role for other retroviruses (Sakalian and Hunter, 1999) . Although the importance of p12 for intracellular assembly was demonstrated, the mechanism by which this region promotes assembly remained unclear. A recent characterization of isolated p12 reported its ability to form high-order oligomers (Knejzlik et al., 2004) . This ability was shown to reside primarily in the N-terminal part of the protein, a largely a-helical subdomain containing a leucine zipper-like sequence. The location of this subdomain is in good agreement with the portion of p12 demonstrated by deletion analysis to be necessary for scaffold function (Sakalian and Hunter, 1999) suggesting that the ISD mechanism is helix-helix interaction. In our report we demonstrated that p12 retains its strong self-interacting capability in the context of a longer polyprotein, thus connecting its in vivo ISD function with in vitro data showing the oligomerization of purified p12. This is the first report of a direct analysis of MMTV Gag precursor function. While numerous studies of retrovirus assembly utilized the Gag proteins of other retroviruses MMTV Gag remained largely unstudied primarily due to the presence of a bDNA poison sequenceQ within the gag gene. Examination of the DNA sequence alone provides no indication of the mechanism for its toxicity, although several theories have been proposed most of which posit that the sequence is a mimic for a critical bacterial cis-DNA element (Brookes et al., 1986) . Whatever the mechanism, replacing the suspect region with a sequence containing extensive silent mutations apparently inactivated the toxicity and yielded a stable clone of gag.
Both betaretrovirus Gags studied in this report have in common the cytoplasmic targeting-retention signal (CTRS, Choi et al., 1999; Rhee and Hunter, 1990) , which is now thought to direct Gag nascent chains to the pericentriolar region for assembly (Sfakianos et al., 2003) . The presence of this signal in both Gag precursors suggests that both viruses also use a similar mechanism for assembly in that targeted location and, therefore, that the presence of p12 and its ISD in M-PMV Gag would indicate the existence of a similar assembly domain within MMTV Gag. The obvious candidate for a p12 counterpart, the p3 domain, not only resides in the analogous position between the phosphoprotein and CA domains, but like the N-terminal region of p12 it also contains many negatively charged residues. There are seven glutamic acid residues within this part of p12 compared to nine aspartic plus four glutamic acid residues in p3. However, there is no heptad repeat within either the p3 domain or the rest of MMTV Gag. Perhaps, this is why we detected only a weak interaction potential for the N-terminal half of MMTV Gag versus the extremely strong potential within p12.
If MMTV does not contain an internal scaffold domain than what substitutes for this function in MMTV Gag assembly? Most of the major domains of MMTV Gag-MApp21, p3-p8-n, and CA-possess at least a weak interaction potential. Conversely, only detectable interaction potential in the corresponding domains of M-PMV-MA-pp24, p12, and CA-resides entirely in p12. Thus, it appears that, while M-PMV relies on p12 and its internal scaffold domain, MMTV relies on the concerted action of its multiple domains for Gag interaction.
Materials and methods

DNA constructs
All plasmid DNA constructs were amplified in E. coli strains DH5a or DH1. M-PMV Gag was derived from plasmid pGEMEXGag2 (a generous gift of Michaela Rumlova to A.Z., Klikova et al., 1995) , a vector containing the M-PMV gag sequence under the control of the T7 promoter. Gag fragment and domain expression vectors were constructed by PCR using appropriate primers and pGEMEXGag2 as the template followed by ligation of the PCR products into the two-hybrid vectors pGADT7 and pGBKT7 (Matchmaker system 3, Clontech). All constructs contain an NdeI (or NcoI) site and an XhoI site introduced at the beginning and the end of the Gag-coding region, respectively. For M-PMV Gag fragments CA-NC and CA, the coding sequences were subcloned into the two-hybrid vectors from plasmids pET22bCANC and pET22bCA (a gift of M. Rumlova to A.Z.), respectively. In both cases the plasmids were first cut with XhoI, then partially digested with NdeI and the desired fragments ligated into the twohybrid vectors pGADT7 and pGBKT7.
MMTV Gag was derived from vector pTZBG, a plasmid containing the 3648 bp (BstYI-BstYI) region of MMTV strain GR E clone H (a generous gift of Elena Buetti to M.S., Buetti and Diggelmann, 1981) , which includes the entire gag gene. This stable gag subclone was found to contain a partial in frame deletion (57 bp) in the region coding for the pp21 protein (Fig. 2) . To correct this deletion, and also its presumed toxicity we first moved the gag gene to a more convenient vector for PCR mutagenesis. The gag sequence was amplified by PCR with forward primer MTGag-Nco-F (5V-CCATTGGCCATGGGGGTCTCGGGCTCAAAAGG-3V), which introduces an NcoI site, and reverse primer MTKpn-R (5V-AGGGAGGGTACCTTTCACTAAGG-3V), which includes an existing KpnI site within pro. The PCR product was digested with NcoI and KpnI, and then inserted into the same sites of plasmid pDAB72 (Erickson-Viitanen et al., 1989) . The resulting plasmid designated pDAB-TZBG was further modified by reintroduction of the missing gag sequences, which was achieved in the following manner: two independent PCR amplifications were performed, where in each case the reverse primer was designed to contain a part of the DNA sequence to be inserted. Since these primers were composed of a very short sequence for annealing with the template (~20 bp) and a long new sequence to be inserted (up to 50 bp), only fragments of gag necessary for the desired amplification were used as templates to minimize the chance for miss-priming. The first PCR reaction was performed using the forward primer MTGag-Nco-F (described above), the reverse primer MMTV-D-Cla-R (5V-TCAGTATC-GATCTCTGCATATGCTGTTCCCCTGGTCC-3V) containing a part of the inserted sequence, and a 405-bp gag gene fragment resulting from digestion with NcoI and NdeI as the template. The amplification was performed using Taq polymerase and the resulting PCR product was digested with NcoI and Cla I. For the second PCR amplification we used forward primer MMTV-D-Cla-F (5V-GAGATCGA-TACTGAAGCCGATAAACTGTCGGAGCACATCTAC-GACGAGCCGTACGAAGAAAAGGAGAAGGCAG-3V) introducing the remaining part of the inserted sequence, reverse primer MMTV-Xho-R (5V-CATTTCAAGGCTC-GAGGAAGCTGT-3V) and a 893 bp NdeI to XhoI gag fragment as template. The resulting PCR product was cleaved with ClaI and XhoI. Both PCR fragments were then ligated into pDAB-TZBG that had been digested with NcoI and XhoI. The resulting plasmid pDAB-MMTV was confirmed by sequencing and the expression of the Gag polyprotein of the correct size was confirmed by in vitro transcription and translation using the TNT Coupled Reticulocyte Lysate System (not shown, Promega).
MMTV gag and the desired fragments were cloned into the two-hybrid vectors by PCR using appropriate primers and pDAB-MMTV as the template followed by digestion and ligation of the PCR products into pGADT7 and pGBKT7. All constructs contain an NcoI (or NdeI) site and an XhoI (or SalI) site at the beginning and end of the gag coding region, respectively. After each subcloning step, the plasmid DNAs were sequenced to ensure that inadvertent mutations were not created.
Yeast two-hybrid system
Protein-protein interactions were tested in vivo in the Matchmaker 3 (Clontech), Gal4 based, two-hybrid system using yeast strain AH109, activation domain vector pGADT7 and binding domain vector pGBKT7. The host strain Saccharomyces cerevisae AH109 contains three selectable markers, HIS3, ADE2, and MEL1. Yeast were transformed by the lithium acetate method according to the protocol provided with the Matchmaker 3 system. Both Gal4 plasmids, pGADT7 and pGBKT7, carrying various fusion genes, were transformed simultaneously. Plasmid DNA used for cotransformations was purified using a midi-prep kit from Qiagen.
Screening was performed according to the protocols provided by the manufacturer. Briefly, colonies containing both plasmids were selected on media lacking leucine and tryptophan, the selectable nutritional markers for plasmids pGADT7 and pGBKT7, respectively. The bjump startQ procedure, which allows cells to grow and produce a sufficient amount of the Gal4 fusion proteins, was used before selection for interaction. This lower stringency technique increases the chance of detecting weak proteinprotein interactions. By this method, colonies with a diameter of 1-2 mm were transferred by replica plating, or simply by using a sterile toothpick, to selective plates containing media lacking leucine, tryptophan, histidine, and adenine. Expression of the Mel-1 reporter gene, which produces secreted agalactosidase, was tested by transferring colonies to 100 mm plates that were spread with 200 Al of X-a-Gal (2 mg/ml in dimethylformamide). The development of a blue color to growing colonies indicated a-galactosidase expression. To eliminate potential false-positives resulting from direct transcriptional activity of the tested proteins and to distinguish a genuine interaction response from background, all twohybrid constructs were initially tested against the appropriate empty Gal 4 domain construct. The semi-quantitative evaluation of the detected interactions was carried out in the following manner: the strongest response, when a massive growth appeared within a day after replica plating on the selective media, was evaluated b++++Q, while the weakest detected response evaluated b+/ÀQ usually required 4 days to develop extremely slowly growing colonies. The symbols b+++Q, b++Q and b+Q represent the readout of the assay between these limiting values, when the size of the growing colonies and the corresponding intensity of the blue color was taken into account. The response evaluated b+++Q required approximately 2 days to detect the growth, while b++Q and b+Q usually needed 3 days, but the growing colonies were clearly distinguishable by the size and the development of the blue color. In order to minimize factors that could affect this semi-quantitative evaluation (different batches of the yeast culture and media or inadvertent divergences in handling during cotransformation), all directly compared constructs were always screened at the same time during a single experiment.
